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To clarify the structure of solvent clusters formed in halogenoethamater mixtures at the molecular level,
large-angle X-ray scattering (LAXS) measurements have been made at 298 K on 2,2,2-trifluoroethanol (TFE),
2,2,2-trichloroethanol (TCE), and their aqueous mixtures in the TFE and TCE mole fraction ranges of 0.002
< xree < 0.9 and 0.5< xce < 0.9, respectively. The radial distribution functions (RDFs) for Tater
mixtures have shown that the structural transition from inherent TFE structure to the tetrahedral-like structure
of water takes place atee ~ 0.2. In the TCE-water mixtures inherent TCE structure remains in the range

of 0.5 = xrce = 1. Small-angle neutron scattering (SANS) experiments have been performedGH.CF

OD— (TFE-d;—) D,O and CECD,OH— (TFE-d,—) H,O mixtures in the TFE mole fraction range of 0.85

xtee < 0.8. The SANS results in terms of the Ornsteernike correlation length have revealed that TFE

and water molecules are most heterogeneously mixed with each other in thewBf& mixture atrre ~

0.15, i.e., both TFE clusters and water clusters are most enhanced in the mixture. To evaluate the dynamics
of TFE and ethanol (EtOH) molecules in TFater and ethanelwater mixtures, respectivelyH NMR
relaxation rates for the methylene group within alcohol molecules have been measured by using an inversion-
recovery method. The alcohol concentration dependence of the relaxation rates for theatEEand ethanel

water mixtures has shown a break pointxat ~ 0.15 andxgon ~ 0.2, respectively, where the structural
transition from alcohol clusters to the tetrahedral-like structure of water takes place. On the basis of the
present results, the most likely structure models of solvent clusters predominantly formed-wateE and
TCE—water mixtures are proposed. In addition, effects of halogenation of the hydrophobic groups on clustering
of alcohol molecules are discussed from the present results, together with the previous ones fotethanol
water and 1,1,1,3,3,3-hexafluoro-2-propandHFIP—) water mixtures.

results, it has been concluded that the tetrahedral-like structure
of water is mainly formed in the HFHPwater mixtures in the

Halogeno alcohols, such as TFE and HFIP? have often range of HFIP mole fractiorgp < ~0.1, while inherent HFIP
been used in the fields of biochemistry and biophysics to structure is gradually evolved in the mixtures with increasing
investigate functions of peptides and proteins because theyHFIP mole fraction in the rage ofyrp = ~0.15, i.e., the
promotea-helical structure of peptides and proteins in aqueous structural transition from inherent HFIP structure to the tetrahedral-
solution more strongly than aliphatic alcohols, such as ethanol |ike structure of water takes placexsp ~ 0.1. In particular,
and 2-propanol. However, the underlying mechanism of alcohol- the SANS experiment on HFHFD,0O mixtures at variougyip
induced a-helix formation and denaturation of peptides and has suggested that clustering and microheterogeneity in the
proteins has not yet been well understood at the molecular level.mixtures are most enhanced>ajp ~ 0.06. This is in good
So far, the mechanism has frequently been discussed in termsagreement with the investigation by Goto and co-workérs.

of changes in dielectric constant and pH of aqueous peptide Their results of small-angle X-ray scattering (SAXS) measure-
and protein solutions by addition of alcohol. Recently, it has ments have shown that clustering of TFE and HFIP molecules

been reported that solvent clusters formed in alcolater is most progressed in TFBvater and HFIP-water mixtures
mixtures are an important factor for the alcohol-induced at 30% (v/v) of alcohol, which corresponds to a HFIP mole
a-helical structure of peptides and protefns! fraction of xuee &~ 0.06, and the clustering is strongly related

In a previous investigation, we have clarified the structure to the promotion of thex-helical structure of3-lactoglobulin
and dynamics of HFIPwater binary mixtures by using LAXS,  and melittin. For other halogeno alcohols, it has been reported
SANS, NMR, and mass spectrometAOn the basis of all the  that TCE, monochloroethanol, and dichloroethanol molecules
strongly interact with proteins in agueous mixtuté$* More-
* To whom all correspondence should be addressed. E-mail: takamut@ over, the effect of alcohol-induced secondary structure of

Ccfg%g:ﬁﬁi{?e'rsity peptides and proteins increases in the order of monobromo-
* Fukuoka University. ethanol> monochloroethaot monofluoroethanol®4 How-
8 High Energy Accelerator Research Organization (KEK). ever, detailed structures of halogeno alcohshter mixtures
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have not yet been clarified at the molecular level, except for to contain one O atom from both TFE or TCE and water in the

that of HFIP-water mixtures in the previous investigati&h.

systems. The structure function was Fourier transformed into

In the present investigation, to clarify the structure and the radial distribution functionD(r), in a usual manne® To

dynamics of pure TFE and TFBvater over the TFE mole
fraction range of 0.00% xrre < 0.9, LAXS, SANS, andH

perform a quantitative analysis of the X-ray data, a comparison
between the experimental structure function and the theoretical

NMR relaxation experiments at 298 K have been made on TFE one, which was calculated on a structure model with eq 5 in

and TFE-water mixtures. LAXS measurements at 298 K have
been performed on TCE and TE€kvater mixtures in a limited
TCE mole fraction range of 0.5 xrcg < 1 because TCE is
immiscible at 298 K with water wherrcg < 0.5. From these
results the most likely structural changes in dominant solvent
clusters formed in TFEwater and TCEwater mixtures with
alcohol mole fraction are proposed. In addition, effects of the
halogenation of the hydrophobic group on clustering of alcohol

ref 23, was made by a least-squares refinement procedure by
using eq 4 in ref 23. The present X-ray diffraction data were
treated by programs KURVLR and NLPLSQ@?®

SANS MeasurementsTFE-d;—D,0 mixtures atreg = 0.05,
0.08, 0.1, 0.13, 0.18, 0.2, 0.4, and 0.6 were prepared in a
nitrogen-filled glovebox to avoid replacing D atoms with H ones.
Preparation of TFEL—H,O mixtures atree = 0.05, 0.08, 0.1,
0.13, 0.18, 0.2, 0.4, 0.6, and 0.8 was made under an ambient

molecules are discussed from the present results, together withcondition. SANS measurements on the sample solutions were

the previous ones for etharelatet> 1" and HFIP-water
mixtures!?

Experimental Section

Sample SolutionsTFE (Tokyo Kasei Industry, extra grade),
TCE (Tokyo Kasei Industry, extra grade), and ethanol (Wako
Pure Chemicals, grade for high performance liquid chromatog-
raphy) were dried with thermally activaté A molecular sieves
for several days. Doubly distilled water was used for LAXS
and NMR relaxation experiments. For the SANS experiments,
TFE-d; (Aldrich, D atom content of 99.5%), TF&, (ISOTEC,

D atom content of 99.5%), and,D (Aldrich, D atom content
of 99.9%) were used without further purification. Sample
solutions of the alcohetwater mixtures were prepared by
weighing alcohol and water to the required alcohol mole
fractions.

LAXS Measurements.LAXS measurements at 298 K were
made on pure TFE and TFBvater mixtures akrrg = 0.002,

0.01,0.05,0.1,0.2,0.3,0.4,0.5, 0.6, 0.7, 0.8, and 0.9 and pur€jqyation time.T,

TCE and TCE-water mixtures akrcg = 0.5, 0.6, 0.7, 0.8, and
0.9. The TCE-water mixtures akrcg < 0.5 were not available
since both solvents are not miscible in this range. A rapid liquid
X-ray diffractometer (BRUKER AXS, model DIP301) with an
imaging plate (IP) (Fuji Film Co.) as a two-dimensional detector
were used in the present LAXS experiments. Details of X-ray
diffractometer have been described elsewh&teDensities for

the sample solutions were measured at 298 K by using a

densimeter (Anton Paar K.G., DMAG60). X-rays were generated
at a rotary Mo anode (Rigaku, RU-300) operated at 50 kV and
200 mA, and then monochromatized by a flat graphite crystal
to obtain Mok, radiation (the wavelength= 0.7107 A). X-ray

scattering intensities for a sample solution sealed in a glass

capillary of 2 mm inner diameter (wall thickness 0.01 mm) were

accumulated on the IP for 1 h. The observed range of the

scattering angle @ was 0.2 to 109, corresponding to the
scattering vectos (=471 sin 6) of 0.03-14.4 A% X-ray

intensities for an empty capillary were also measured as

background.
Two-dimensional X-ray datdgpsdX, ¥), wherex andy are

made on the SWAN spectrometer at a pulsed neutron facility
(KENS) of the High Energy Accelerator Research Organization
(KEK), Tsukuba, Japan. The momentum tran€¥ér= 471~ 1sin
) range covered with SWAN was 0.812 A-1.26 The sample
solutions were kept in a quartz cell of 22 mm in width, 25 mm
in height, and 2 mm in sample thickness. The temperature was
kept at 298.2+ 0.5 K. The neutron beam size at a sample
position was 20« 20 mn¥, and the wavelength range used was
A = 1-16 A. The scattering intensities were accumulated for
3—4 h per sample. The observed intensities were corrected for
background, absorption, and cell scattering. The transmission
by a sample and a cell was measured ke position sensitive
detector placed at a beam stopper position. The correction for
detector efficiencies and normalization to absolute units was
made by dividing the intensities of each solution by those of
vanadiun?® The incoherent scattering was subtracted from the
normalized intensities. All parameter values required for the
above corrections were taken from the literattire.

IH NMR Relaxation Measurements.H spin—lattice re-
of alcohol molecules in the TFEvater and
ethanot-water mixtures was measured on an FT-NMR spec-
trometer (JEOL, JNM-AL300). The sample solution was kept
in 5 mm sample tube (Shigemi, PS-001) and degassed by five
freeze-pump-thaw cycles before measurements. The probe
temperature was controlled at 298t20.1 K by a mixture of
hot air and a dry nitrogen stream from liquid nitrog&a.was
measured by an inversiemmecovery method with a pulse
sequencerd—t—m/2)", where the numbem of the delay times
7 in the series of the sequence was 13 for the present
experiments. The longest delay time exceeded bhe T, data
for each sample solution were measured three times and
averaged to give a final value. The observed frequency range
was 600 or 1000 Hz; sampling points were 2048 or 4096; the
digital resolution range was 0.488.586 Hz.

Results and Discussion

LAXS for TFE —Water Mixtures. Figure 1 shows the
s-weighted structure functiongs) for pure TFE and the TFE
water mixtures in the TFE mole fraction range of 0.00rre

horizontal and vertical coordinates, measured on the IP were =< 0.9, together with that of pure watéfor comparison. Figure

integrated into one-dimensional data,s{0), after correction

for polarization as previously reportédThe observed intensities
for the samples and empty capillary were also corrected for
absorptiont® The contribution of the sample solution alone was
obtained by subtracting the intensities for the empty capillary

2 indicates the corresponding RDFs in Dé)-4mrpo form.

In the RDF for pure TFEXre = 1), two dominant peaks at
1.4 and 2.3 A are assigned to intramolecular-E(F1, F,, Fa),
C:—0, and G—C; bonds and ¢--F and F:-F nonbonding
interactions within a TFE molecule, respectively (the notation

from those for the sample. The corrected intensities were of the atoms is shown in Figure 3). A small peak at 2.8 A arises

normalized to absolute units by conventional meth§d<: The
structure functioni(s), was calculated by using eq 1 in ref 23.
In the data treatment the stoichiometric voluMevas chosen

from the nearest-neighbor-©@O hydrogen bonds between TFE
molecules. According to an LAXS investigation on pure TFE
by Radnai et a#° a TFE molecule may possess two conforma-
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150————— LA 15— TABLE 1: Intramolecular Interactions for TFE and Water
= xrpe =0 Xy = 0.4 Moleculeg
- 0.002 N 0.5 interaction r 10°b n
. 0.01 y 0.6 2,2,2-Trifluoroethanol
= O = O O-H 0.960 2 1
< Y 005 | 07 Ci—H 1.085 1 2
= ol = 08 C—F 1.360 2 3
1 A\ i e - C,—0O 1.402 3 1
02 N 09 Ci—C, 1526 2 1
A ini H--+H 1.770 5 1
A 03 v ~ ! CoeoH 2.130 5 2
FeeoF 2.144 3 3
_15 1 1 _15 “ /V\/I 1 Cl F 2380 5 3
5 A 10 15 5 A 10 15 CprO 2390 8 1
Figure 1. Structure functiong(s) multiplied bys for TFE, water, and g-Staggered Conformer
- : - - O-++Fy,F 2.780 10 1
TFE—water mixtures at variougrre. Dotted lines represent experi- L2 :
mental values, and solid lines are theoretical ones. O-++Fs 3.460 25 0.5
g-Eclipsed Conformer
71— T I T O---F;, 2.400 20 0.5
N xrpg = 0 An s xrpe = 0.4 O-+-F,,F3 3.230 15 1
- N 0.002| _ An N 0.5 WateP
= R B AT e O-H 0.970 2 2
S A ol I W AN =2 He--H 1.555 10 1
= T o0s| 2 VA A S0
2 A : = oAN JAN ~ aThe distance (A), temperature factob(A?), and numben. ® Ref
Sy ST VA A S0 32
B a | Y AN -
X AT VWA A 09
<y NN 02 <Y cwf\[\ //\\ ] that TFE molecules form hydrogen-bonded clusters as well as
03 /\V[\\“\/‘///\W" ethanol ones.
v o~ VWA N In the RDF for pure watexgre = 0), three peaks at 2.8, 4.5,
T 0 v e o ar]d 7 A_ are observed, cor_respondlng to the first-, second-, and
A A third-neighbor molecules in the hydrogen-bonded network of
Figure 2. RDFs in theD(r)-4nr2p, form for TFE, water, and TFE water as reported in the literatuf3!
water mixtures at variougrre. Dotted lines represent experimental For the TFE-water mixtures, the RDFs in the range of 0.4

values, and solid lines are theoretical ones. < xree < 0.9 are comparable with that for pure TFE, though

the intensities of the peaks gradually decrease with decreasing
TFE mole fraction. This shows that inherent TFE structure is
dominant in the mixtures in the range of O4xrre < 0.9. In

this mole fraction range, the 2.8 A peak for-@ hydrogen
bonds scarcely changes when #ge: decreases. Atree = 0.2

and 0.3 the third- and forth-neighbor interactions of TFE
molecules at & r/A < 10 almost disappear, but the first- and
second-neighbor ones centered~a A are still observed,
showing that inherent TFE structure is considerably distorted
in the mixtures. When therge further decreases to 0.1, the 2.8
A peak for O--O hydrogen bonds is significantly grown. In
addition, the peak at5 A observed in the RDFs & = 0.2
shifts to the shorter distanee4.5 A. At xree < 0.1 a new peak
appears at 7 A, and the RDFs are comparable with that for pure

TFE2 water. These features suggest that the tetrahedral-like structure
of water is enhanced in the TFRvater mixtures whemrge <
Figure 3. Structural model of TFE trimer. 0.1, whereas inherent TFE structure almost disappears in the

tions, g-staggered and-eclipsed ones, where the Btom is mixtures. Consequently, the present results of the LAXS
positioned in trans and cis positions against the hydroxyl group, experiments show that the structural transition from inherent
respectively, a small peak at 3.6 A can be assigned-teF® TFE structure to the tetrahedral-like structure of water takes
and O--F,3 intramolecular interactions fog-staggered and  place betweenrre = 0.1 and 0.2.

g-eclipsed conformers of TFE molectfA large and broad To quantitatively analyze the structure of pure TFE and the
peak centered at 5.5 A is attributed to the first- and second- TFE—water mixtures, the experimental structure function and
neighbor interactions among TFE molecules as described below.the theoretical one based on a plausible structure model were
Furthermore, the interactions in the range of 8/A < 10 arise compared by using a least-squares refinement procedure. First,
from the third- and fourth-neighbor interactions between TFE the structure parameter values of the intramolecular interactions
molecules. These features of the RDF for TFE are comparablewithin a TFE molecule were searched to explain the peaks in
with those for ethanol, although the third- and fourth-neighbor the r-space for pure TFE, such as 1.4 and 2.3 A ones, on the
interactions between TFE molecules appear in the longer-rangebasis of the values previously determined by the LAXS
than those (7< r/A < 10) between ethanol molecut&st’ investigatiorz® Table 1 shows the obtained structure parameter
because of the more significant contribution of F atoms in the values of the intramolecular interactions within a TFE molecule,
CFs group than H ones in the GHyroup. It is thus suggested  but they were not refined by using a least-squares refinement



TABLE 2: Important Optimized Parameter Values of the Interactions in Water, TFE, and Their Mixtures Obtained by Least-Squares Fits?

Aud 't 0292

XTFE %)
interaction parameter b0 0.002 0.01 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 9
Linear Hydrogen Bond of WatetWater, TFE-Water, and TFETFE 1
O---0 r 2.826(2) 2.855(3) 2.849(4) 2.841(3) 2.838(3) 2.830(3) 2.821(4) 2.816(5) 2.809(5) 2.805(6) 2.799(8) 2.799(9) 2.793(10) 2.739(8)
10% 17 17 17 16 15 15 12 9 8 8 8 8 8 4 >
n 3.43(3) 3.51(7) 3.30(6) 3.40(6) 3.32(5) 3.26(6) 2.82(5) 2.54(7) 2.33(6) 2.06(7) 1.86(9) 1.89(11) 1.95(12) 1.91&0)
Interstitial Water Molecules =
O---0 r 3.35 3.35 3.35 3.35 3.35 3.35 3.35 3.35 3.35 B
10°% 15 15 15 15 15 15 15 15 15 ©
n 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 =
Second Neighbor of WateiWater, TFE-Water, and TFETFE °
O---0 r 4.50 4.55 4.55 4.55 4.55 4.55 4.55 4.55 4.55 4.55 4.55 4.55 4.55 460 ¥
10°b 90 90 90 90 90 90 90 90 90 90 90 90 90 30 N
n 15 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 0.5 =4
Water around the GFGroup of TFE o1
F---O r 3.225 3.225 3.225 3.225 3.225 3.225 3.225 3.225 3.225 3.225 3.225 3.225
10 20 20 20 20 20 20 20 20 20 20 20 20
n 5.5 5.5 5.5 3.0 1.75 1.0 0.6 0.3 0.2 0.1 0.05 0.025
Cy+-O r 3.775 3.775 3.775 3.775 3.775 3.775 3.775 3.775 3.775 3.775 3.775 3.775
10 20 20 20 20 20 20 20 20 20 20 20 20
n 5.5 5.5 5.5 3.0 1.85 1.000 0.6 0.3 0.2 0.1 0.05 0.030
First Neighbor of TFE-TFE
O--F r 3.02 3.02 3.02 3.02 3.02 3.02 3.02 3.02 3.02 3.02 3.02 3.02 3.02
10°b 20 20 20 20 20 20 20 20 20 20 20 20 20
n 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05
Ci+F r 3.30 3.30 3.30 3.30 3.30 3.30 3.30 3.30 3.30 3.30 3.30 3.30 3.30
10 24 24 24 24 24 24 24 24 24 24 24 24 24
n 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Ci+--F,Cye* r 4.95 4.95 4.95 4.95 4.95 4.95 4.95 4.95 4.95 4.95 4.95 4.95 4.95
10°b 30 30 30 30 30 30 30 30 30 30 30 30 30
n 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Second Neighbor of TFE-TFE
O--F r 3.80 3.80 3.80 3.80 3.80 3.80 3.80 3.80 3.80 3.80 3.80 3.80 3.80
10°b 25 25 25 25 25 25 25 25 25 25 25 25 25
n 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
First and Second Neighbors of TFEFE
FeF r 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50
10 40 40 40 40 40 40 40 40 40 40 40 40 40
n 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 -
a The interatomic distance(A), the temperature factdr (A2), the number of interactions per TFE molecule. The values in parentheses are standard deviations of the last figure. The parameters \%‘thout
standard deviations were not allowed to vary in the calculatitieference 28. 3

‘e 1@ nyn
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procedure in the present analysis. When the molar ratio for
g-staggered and-eclipsed conformations was assumed to be
1:1, the observed RDF for TFE could be explained well.
Intermolecular interactions among TFE molecules in pure TFE
were estimated by slightly modifying a trimer model proposed
by Radnai et a? In Figure 3, the modified trimer model is
shown; three TFE molecules are hydrogen-bonded as the CF
groups are apart from each other due to its bulkiness. The
structure parameter values of the modified trimer model
reproduced well the experimental RDF for TFErat ~7 A.

For the TFE-water mixtures, the structure parameter values
of the intramolecular interactions for TFE and water molecules
obtained from the above-mentioned analysis and the previous
large-angle neutron scattering experiméftgspectively, were
utilized. The structure parameter values of the modified trimer
model and the tetrahedral-like structure of water, accompanied
by nonbonding interstitial water molecules, were applied to
search a plausible model. The experimental RDFs for theTFE
water mixtures could be explained by slightly modifying these

structure parameter values. In the present analysis, the long-

range interactions beyond5.5 A were not taken into account
due to their complexity. Instead, a continuum electron distribu-
tion was assumed for the individual atoms. Finally, a least-
squares fitting procedure was performed on the structure
functions for TFE and the TFEwater mixtures over therange
from 0.1 to 14.4 A to optimize the structure parameter values
in the model. The structure parameter values of the intramo-
lecular interactions for TFE and water molecules were not
allowed to vary in the least-squares fitting. In Table 2, the
important optimized values are summarized and shown in the
structure model (Figure 3). All the structure parameter values
for the intermolecular interactions for TFE and the Frkater
mixtures are listed in Table S2 in the Supporting Information.
Figures 1 and 2 show that the theoretici(s) and RDFs
calculated by using the parameter values in Table S2 reproduc
well the observed values, except for the long-range interactions
ats < ~3.5 Al andr > ~5.5-6.5 A not considered in the
present analysis. The structure of pure TFE obtained agrees wit
that from the previous LAXS measurement by Radnai & al.

For TFE the distance (2.799 0.008 A) of O-+O hydrogen
bonds is comparable with that (2.85 0.01 A) for ethanol
estimated by a peak separation procedure irrtbpace in the
previous investigatiod! The number (1.9% 0.10) of O--O
hydrogen bonds for TFE is also close to that (£9.1) for
ethanolt” These results reveal that TFE molecules form
hydrogen-bonded chain clusters in the liquid as well as ethanol
ones. As seen in Table 2, the distance of- O hydrogen bonds
for the TFE-water mixtures gradually increases with decreasing
xtre (With increasing water content). The same tendency was
observed for aqueous mixtures of aliphatic alcol®fs;34the
O---O distance between water molecules in the tetrahedral-like
structure of water, where one water molecule is bound with four
water molecules, may be slightly longer than that between
alcohol molecules in a chainlike structure of alcohol. Hence,
the increase in the @O distance suggests that the tetrahedral-
like structure of water is gradually evolved in the TH&ater
mixtures when the water content increases.

Figure 4 shows the number of @O hydrogen bonds for the
TFE—water mixtures as a function of alcohol mole fractiqp,
together with that for ethanelater mixtures estimated by a
peak separation procedure in thepace for comparisoH.As
seen in Figure 4, the number of &0 hydrogen bonds for the
TFE—water mixtures does not significantly change with de-
creasing«rre from 1 to 0.7. On the other hand, that for ethanol

e

h
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Number of Hydrogen Bonds
per Oxygen Atom

0 02 04 06 08 1
Xale

Figure 4. Coordination numbers per oxygen atom within alcohol and

water molecules for TFEwater (filled circle) and ethanelwatet”

(opened circle) mixtures as a function of alcohol mole fractian

The standard deviations were indicated as error bars.

water mixtures markedly increases by addition of water to
ethanol. This significant difference between the Fhiater and
ethanot-water mixtures may be attributed to the very lower
electrondonicity of the hydroxyl group of TFE molecule than
that for ethanol one due to the electronegativity of F atoms. In
fact, the donor numbeby for TFE is still ambiguous due
probably to its very small value, while that for ethanol is320.
The acceptor numbety (53.3) for TFE® is larger than that
(37.1) for ethanot®> The unbalance between donicity and
acceptability of TFE molecule will be disadvantage to form
hydrogen bonds with water molecules in the ThRiater
mixtures. On the other hand, ethanol molecules can be hydrogen-
bonded easily with water molecules as both hydrogen donor
and hydrogen acceptét.1” When the water content increases
from xree = 0.6 to 0.2, the number of ©®O hydrogen bonds
for the TFE-water mixtures significantly increases, suggesting
that the tetrahedral-like structure of water is gradually evolved
in the mixtures with increasing water content. In the range of
xtre < ~0.2, the number of ©-O hydrogen bonds is compa-
rable with that for bulk water. Consequently, two break points
atxtre ~ 0.2 and 0.7 appear in the plot of the number of-O
hydrogen bonds for the TFEwvater mixtures againstrre. The
former is comparable with that for etharalater mixtures.”

It is suggested that the structural transition from the inherent
TFE structure to the tetrahedral-like structure of water takes
place in the TFEwater mixtures akrre ~ 0.2 as well as in
ethanot-water mixtures.

However, it should be noted that whe®qeg > ~0.2 the
number of O--O hydrogen bonds for the TFBvater mixtures
more rapidly decreases than that for etharvehter mixtures.
This suggests that the tetrahedral-like structure of water is more
promptly disrupted in the TFEwater mixtures with increasing
xtre due to the larger GFgroup of TFE molecule than the ethyl
group of ethanol one. The prompt disruption of the water
structure in the TFEwater mixtures is demonstrated from the
two other structure parameters listed in Table 2. The distance
of O---O hydrogen bonds for the TFBvater mixtures in the
range of 0.00 xree < 0.1, where the tetrahedral-like structure
of water is dominant, is elongated from that for pure water
beyond the experimental uncertainties. This tendency was not
found for aqueous mixtures of aliphatic alcohols previously
investigated.-28:33.34t is probable that ®-O hydrogen bonds
among water molecules are already weakened when TFE is
added into water even afre = 0.002. Although the number
of nonbonding interstitial water molecules for the THEater
mixtures could not be optimized by the least-squares refinement
procedure due to overlap of the TFE-TFE intermolecular
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s/A!
Figure 5. Structure functiong(s) multiplied bys for TCE, water, and In the RDF for pure TCEXrce = 1) a peak at 1.8 Ais mainly

TCE-water mixtures at variousrce. Dotted lines represent experi-  assigned to the £-Cl bond within a TCE molecule (Figure 7

mental values, and solid lines are theoretical ones. The value in g5 the notation of atoms). A sharp peak at 2.9 A arises from
parentheses is a multiplication factor applied to the original one for

clarity. Cl---Cl and G---Cl nonbonding interactions within a TCE
molecule. Moreover, peaks at 2.9 and 3.9 A can be assigned to
f——T T T T O---Cl; 2 and O--Cl3 nonbonding interactions in gstaggered
xrcg = 0(x3) conformation of TCE molecule, respectively. The intramolecular
0 interactions of @—C,; and G—O bonds and €--O nonbonding
0 vf\N/\\O/'S_ interaction should appear at 1.4 and 2.4 A. However, the
e A A 06 contribution of C-C and C-0 interactions to the RDF for TCE
s O—v — is very small because interactions related to Cl atoms are large
= 0 A AN due to the very larger X-ray scattering factor of Cl atom than
o NV ~—" C and O ones. Therefore,-@0 interactions between TCE
§ 0 \_/\vv \_(;‘, molecules by hydrogen bonding are superimposed into the larger
= A A\ 09 Cl---Cland G-+-Cl interactions at 2.9 A. For the intermolecular
20 LU0 = N~ g interactions, the 3.9 A peak is assigned to the first-neighbors
[\ /\ 1 between TCE molecules, such as-@l. A large peak centered
L RAVAYA — W at ~6.1 A corresponds to the second- and third-neighbor
Ll interactions of TCE molecules.
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WA The RDFs for the TCEwater mixtures in the TCE mole

Figure 6. RDFs in theD(r)-4sr?po form for TCE, water, and TCE fraction range of 0.5 xrce < 0'9 are comparable with that
water mixtures at variougrce. Dotted lines represent experimental [0f Puré TCE though the amplitudes of the intermolecular
values, and solid lines are theoretical ones. interactions at 3.9 and6.1 A decrease with decreasing:k.
This suggests that inherent TCE structure is kept in the¥CE
interactions, such as;€F, to the interaction of interstitial water ~ water mixtures at 0.5 xrce < 0.9. This result and the fact
molecules, the values show the presence of the interstitial waterthat water is not miscible with TCE atce < 0.5 imply that

molecules in the TFEwater mixtures in the range of ® xrre water molecules may be embedded into vacancies of the TCE
< 0.5. On the other hand, the interstitial water molecules were structure.

observed in ethanelwater mixtures in the wider range of To clarify the structure of pure TCE at the molecular level,
xeton < 0.6 as described in the previous investigafibithis first, intramolecular interactions within a TCE molecule were

difference between the TFEvater and ethanelwater mixtures built up by modifying those obtained from an ab initio
also shows that the water structure in the Hviater mixtures investigatiod” to reproduce the peaks at 1.8, 2.8, and 3.9 A in
is more rapidly disrupted with increasingge than those in the r-space. The intramolecular parameter values are listed in
ethanot-water mixtures. Table 3, but were not refined by using a least-squares fitting
The present results from the LAXS measurements show the procedure on the structuréunction. This shows that TCE
structural change in the solvent clusters formed in the ¥FFE  molecule has @-staggered conformation in pure TCE, while
water mixtures with TFE mole fraction as follows: (1) TFE TFE molecule has botg-staggered and-eclipsed conforma-
molecules form clusters via hydrogen bonding in pure TFE, and tions at the 1:1 ratio in the liquid. It is probable thai-aclipsed
(2) the tetrahedral-like structure of water is gradually evolved conformation for TCE molecule causes a large steric hindrance
in the mixtures akree < ~0.7, and both TFE clusters and water of Cl atoms for the hydroxyl O atom rather than that of F atoms.

clusters coexist in the mixtures in the range~d§.2 < xyrg < A plausible structure model for the intermolecular interactions

~0.7, (3) but the water clusters predominates in the mixtures was constructed in a trial-and-error manner intfgpace over

at xyre < ~0.2. the range of/A < 7. The structure model obtained is depicted
LAXS for TCE —Water Mixtures. In Figure 5, the in Figure 7. As seen in the model, TCE molecules form a dimer

s-weighted structure functionés) for pure TCE and the TCE through hydrogen bonding. Additionally, three dimers aggregate

water mixtures in the TCE mole fraction range of G5xce a triangle shape of cluster, where the g@loups are arranged

< 0.9 are depicted, together with that for pure wekdor on the corners of a triangle, interact among them due to van

comparison. Figure 6 shows the corresponding RDFs iDthe der Waals force. For the TCBvater mixtures a combination
— 4mr?po form. of the inherent TCE structure and the tetrahedral-like structure
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TABLE 3: Intramolecular Interactions for TCE Molecule 2
interaction r 10% n
2,2,2-Trichloroethanol
O—H 0.960 2 1.0
Ci—H 1.085 1 2.0
C,—ClI 1.760 2 3.0
C,—0 1.410 3 1.0
Ci—C, 1.510 2 1.0
He--- 1.770 5 1.0
Cy--H 2.130 9 2.0
Cl---Cl 2.875 4.8 3.0
Cy--Cl 2.673 6 3.0
Cy--0 2.385 6 1.0
g-Staggered Conformer
O:--Cly,Cl, 2.985 35 2.0
0O:+-Cl3 3.941 20 1.0
H---H 1.518 10 1.0

a The distance (A), temperature factob (A%), and numben.

TABLE 4: Important Parameter Values of the Interactions
in TCE and TCE —Water Mixtures at 0.5 < Xxrcg < 0.9
Obtained by Least-Squares Fit3

XTCE
0.5 0.6 0.7 0.8

Linear Hydrogen Bond of WatetWater,
TCE—Water, and TCETCE

iinteraction parameter 0.9

0O---0 r 2.890 2.897 2.897 2.897 2.897 2.897
10°b 8 10 10 9 8 8
n 316 310 280 195 090 038
Second Neighbor of WatetWater and TCE TCE
O---0 r 455 455 455 455 455
10°b 90 90 90 90 90
n 15 15 15 1.5 1.5
Water around the CeGroup of TCE
Cl---0 r 3.80 3.80 3.80
10 30 30 30
n 04 0.75 0.50
Interactions of Hydrogen-Bonded TEHCE
O---Cl3 r 3.07 3.07 3.07 3.07 307 3.07
10°b 30 30 30 30 30 30
n 08 08 08 038 0.8 0.8
Cls++Cl3 r 3.463 3.463 3.463 3.463 3.463 3.463
10 10 10 10 10 10 10
n 04 04 04 04 04 04
Cly+-Cl3 r 3.817 3.817 3.817 3.817 3.817 3.817
10 10 10 10 10 10 10
n 08 08 08 038 0.8 0.8
Interactions Between Hydrogen-Bonded TCE Dimers
Cly--Cl, r 471 471 471 471 471 471
10°b 45 45 45 45 45 45
n 0.4 0.4 0.4 0.4 0.4 0.4
Clz++Cl3 r 5.354 5.354 5.354 5.354 5.354 5.354
10 40 40 40 40 40 40
n 04 04 04 04 04 04
Interactions between Hydrogen-Bonded TCE Dimers
Cls---Cl3 r 4377 4377 4377 4.377 4.377 4.377
10 10 10 10 10 10 10
n 032 032 032 032 032 0.32
Cly=:Cl3, r 6.159 6.159 6.159 6.159 6.159 6.159
Clp++Cl3 10°b 60 60 60 60 60 60
n 0.72 072 0.72 0.72 072 0.72

a The interatomic distance(A), the temperature factdr (A2, the
number of interactions per TCE molecule, and the continuum electron
distributionR (A) and B (A?). The values in parentheses are standard
deviations of the last figure. The parameters without standard deviations
were not allowed to vary in the calculations.

of water with nonbonding interstitial water molecules was used
as a structure model. Indeed, the model could explain well the
experimental values in thespace.
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Figure 8. Ornstein-Zernike plots of the SANS intensities for the TFE-
di—D,0O mixtures at variousrre. Circles represent the experimental

values and solid lines the theoretical ones. The values in parentheses
are those shifted from the origin to avoid overlap of the plots.

20

A least-squares fitting procedure was performed on the
structure functions for pure TCE and the T€&ater mixtures
over thes range from 0.1 to 14.4 A& by using the structure
parameter values of the model. However, the structure parameter
values for the ®-O hydrogen bonds could not be optimized
because of their small contribution to the RDFs for TCE and
the TCE-water mixtures. In the present analysis, thus, the
structure parameter values for a continuum electron distribution
were only refined by using a least-squares refinement on the
structure functions. The important structure parameter values
are summarized in Table 4 and indicated in the structure model
(Figure 7). In Table S4 in the Supporting Information, all the
structure parameter values for the intermolecular interactions
in TCE and the TCEwater mixtures were given. The theoreti-
cal si(s) and RDFs calculated by using the parameter values in
Table 4S reproduce well the observed values in the range of
> ~3.5 Alandr < ~6.5 A, where the structure parameter
values were built up. Although the structural parameters for O
--O hydrogen bonds could not be optimized, Table 4 reveals
the increase in the number of-@0 hydrogen bonds for the
TCE—water mixtures with increasing water content. This may
be caused mainly by enhancement of-O hydrogen bonds
among water molecules in the mixtures with increasing water
content, but TCE molecules may not be hydrogen-bonded with
water ones due to the large hydrophobicity of the £§tbup.
Actually, water is not miscible at 298 K with TCE in the range
of xrce < 0.5.

SANS for TFE—Water Mixtures. Figures 8 and 9 show
Ornstein-Zernike plots of the normalized SANS intensities for
the TFEd;—D,0 and TFEd,—H>O mixtures at various TFE
mole fractions, respectively; the reciprocal intensities for the
mixtures are plotted as a function @ in the range of 1x
103 < Q¥A-1 < 2 x 1072 The SANS intensities of the TFE-
d;—D,0O mixtures mainly give us information on clustering of
water molecules due to the larger neutron scattering length
(6.671 fm) of the D atom than that-@.739 fm) of the H one,
whereas those for the THE&—H,O mixtures mainly show
clustering of TFE molecules.

As shown in Figure 8, the slopes of the reciprocal SANS
intensities for the TFEh—D,0 mixtures agains®? are obvi-
ously positive in the range of 0& xtee < 0.2, but almost flat
or slightly negative in the ranges &fre < 0.08 andxtre >
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Figure 9. Ornstein-Zernike plots of the SANS intensities for the TFE- Cxme

d>—H>O mixtures at variousrre. Circles represent the experimental . .
values and solid lines the theoretical ones. The values in parentheseézIgure 10'_ Correlation Ienthf for () TFEdl_DZ.O and (b) TFE
d>—H-0 mixtures as a function of TFE mole fraction. The solid lines

are those shifted from the origin to avoid overlap of the plots. are drawn to clarify their variation. The standard deviationsere
- ) indicated as error bars.
0.4. In addition, the experimental values for the TéhE-D,O

mixtures atxree = 0.05, 0.4, and 0.6 are slightly dispersed, TABLE 5: Correlation Lengths & (A) for TFE- d,—D,0 and

showing that the SANS intensities are weak at the mole 1FE-d2—H20 Mixtures as a Function of TFE Mole Fraction
) . .~ Obtained from the SANS Measurements

fractions. These features show that the concentration fluctuation

in the TFEeh—D-O mixtures is enhanced in the narrow range Xtre §(TFE-0i-D;0) §(TFE-d;—H0)
of 0.1 < xmee < 0.2, i.e., DO clusters are evolved in the 0.05 2.02(11)
mixtures in this range. Figure 9 reveals less significant difference 0.08 1.81(12) 2.55(11)
among the slopes of the reciprocal SANS intensities for the TFE- 8-1 2 ggg(é‘é)) gég((ﬁ))
d>—H>0 mixtures at the mole fractions investigated. However, 0.18 3:28(11) 3:34(11)
the dispersed experimental values for the mixturegrat = 0.2 3.60(11) 3.33(10)
0.6 and 0.8 indicate their weak SANS intensities. On the other 0.4 2.22(13)
hand, the experimental values for the TBE-H,O mixtures 0.6 2.47(14)

in the range of 0.05x xree < 0.2 are not dispersed, and their

slopes are positive. It is suggested that formation of TFE clustersthat TFE clusters and water clusters are most significantly
progresses in the mixtures in this range. These results for theevolved in the mixtures atrre ~ 0.15. The maximum atree
TFE-d;—D,0O and TFEd,—H,0O mixtures are consistent with  ~ 0.15 is close to the break pointai-z = 0.2 in the number
each other; both TFE clusters and water clusters are mostof O---O hydrogen bonds determined from the LAXS experi-

enhanced in TFEwater mixtures in the narrow range of G<1 ments, where the structural transition from the inherent TFE
xrre < 0.2, i.e., TFE and water molecules are inhomogeneously Structure to the tetrahedral-like structure of water takes place.
mixed in this range. The previous SAX® and SANZinvestigations on ethanel

To make a quantitative analysis on the SANS intensities for water mixtures revealed weaker scattering intensities than those
the TFEd;—D,0 and TFEd,—H,O mixtures, the reciprocal  for the TFE-water mixtures, suggesting that the concentration
intensities as a function of? are fitted by a least-squares fluctuation for ethanetwater mixtures is less significant than

refinement procedure using the Ornsteternike® equation, ~ for TFE—water ones. Thus, the larger hydrophobicity for the
CFRs group of TFE molecule induces the heterogeneities of the
lor(Q) 1 =1(0) 1 + £Q7 Q) TFE—water mixtures. On the other hand, the previous investiga-

tion on HFIP-water mixtures showed that the correlation length
whereé represents the OrnstetiZernike correlation length. As & reaches a maximum &grp = 0.071 with& ~ 10 A12Hence,
seen in Figures 8 and 9, the theoretical values (solid line) HFIP molecules lead to more rapid and significant clustering
obtained from the least-squares fits reproduce the experimentalof HFIP molecules than TFE molecules when HFIP is added
ones. In Table 5, the optimized correlation lengths are listed. into water. This is caused by the larger size and the more CF
For the TFEd; —D,0 mixtures atreg = 0.05, 0.4, and 0.6 and  groups of HFIP molecule than TFE one. Thus, the 2-propanol
the TFEd,—H,0 mixture atxrre = 0.8 the correlation lengths  skeleton is larger than the ethanol one. In fact, the SAXS
could not be obtained with reasonable reliability because of their investigations indicated that the concentration fluctuation for
weak SANS intensities. Parts a and b of Figure 10 show the 2-propanot-water mixture&! is larger by a factor of+6 than
correlation lengths for the TFEd;—D,O and TFEe,—H,0 that for ethanotwater mixtures?® In addition, two hydrophobic
mixtures as a function okrrg, respectively. The correlation CF; groups of HFIP molecule may lead enhancement of
lengthsé for the TFEd;—D,O mixtures as a function ofree clustering of HFIP molecules in HFtRvater mixtures.
have a sharp peak akre ~ 0.15 with & ~ 4 A. A similar IH NMR Relaxation. The 'H NMR relaxation ratesR;
tendency is observed in the correlation length for the T&E- (= T1Y for the methylene (Ch group of TFE and ethanol
H,O mixtures as a function ofrre. These findings clearly show  molecules in the TFEwater and ethanelwater mixtures are
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0.6 ————————— 3 The difference between the changes in Bjezalues for the
I CH, TFE—water and ethanelwater mixtures can be explained as
0.5r L follows. TheR; value for pure TFE is twice as large as that for
I . E pure ethanol, suggesting that the motions of TFE molecule are
7 041 . i slower than those of ethanol one. This is caused by the heavier
{ i o) § ] ) 3 TFE molecule as compared with the ethanol one; i.e., the
= 03 §§ * molecular weight (100.04) for TFE is larger by a factor-e
0 2'_ ¢ | than that (46.07) of ethanol. In the ethanalater mixtures at
’ 0.2 < Xeton < 1, as concluded in the previous investigatién,’
0.1 ‘ ethanol clusters are predominantly formed and can easily interact

0 02 04 06 08 1 with water molecules by hydrogen bonding. Hence, the motions
e of ethanol molecules in ethanol clusters may be gradually

. ) .
Figure 11. *H NMR relaxation rates, for the methylene (CE) group restricted with increasing water content, leading to the increase

of TFE and ethanol molecules in TFvater (filled circles) and

ethanot-water (open circles) mixtures. The standard deviationgre in the Ry value fromxgon = 1 to ~0.3. On the other hand, in
indicated as error bars. the TFE-water mixtures at-0.15 < xrre < 1, as discussed in

_ the LAXS section, TFE molecules are less easily hydrogen-
TABLE 6: *H NMR Relaxation Rates R, for Methylene bonded with themselves and water molecules than ethanol ones

Groups of TFE and Ethanol Molecules in TFE-Water and

Ethanol—Water Mixtures at VVarious Mole Fractions because of the weak electrondonicity of the hydroxyl group of

TFE molecule. Thus, the motions of TFE molecules in TFE

TFE-water ethanetwater clusters are not significantly retarded in the FREater mixtures
XTFE Ri/st XEtoH Ry/st with increasing water content, but gradually become free.
0.05 0.199(23) 0.05 0.215(6) Consequently, theR; value monotonically decreases with
0.08 0.279(23) increasing water content fromgre = 1 to ~0.15.
0.1 0.288(9) 0.1 0.280(13) In the TFE-water and ethanelwater mixtures atxtee
0.15 0.314(12) 0.15 0.290(28) < ~0.15 andx < ~0.3, respectively, where the tetrahedral-
0.2 0.326(11) 0.2 0.343(9) =~0. EtOH -, Fespectively, where the tetranedra
0.3 0.350(24) 0.3 0.356(2) like structure of water predominates, the motions of both TFE
0.4 0.366(5) 0.4 0.358(6) and ethanol molecules rapidly become free with increasing water
0.5 0.415(9) 05 0.354(20) content due probably to an increase of alcohol monomers in
0.6 0-439(?) 0.6 0.342(18) the mixtures. Hence, thg, values for both mixtures drastically
(1)'8 8_‘?92((1%) f 8 é).ggg((sl)G) decrease with increasing water content.

Structure of TFE—Water and TCE—Water Mixtures. On
given in Table 6 and plotted as a function of alcohol mole the basis of all the results presented, a plausible structural change

fractionxacin Figure 11. In the neat alcohols, the relaxation in solvent clusters predominantly formed in the TREater

for the CH, group of alcohol molecules is governed mainly with mixtures with TFE mole fraction is proposed as follows. In the
intramolecular and intermoleculdH—'H dipole interactions. ~ range of 0.7< xree < 1, the inherent TFE structure is dominant
In the alcohot-water mixtures, on the other hand, the intermo- in the TFE-water mixtures. In the TFE structure, TFE
lecular H—H dipole interaction between alcohol and water Molecules are hydrogen-bonded to other molecules as the CF
molecules also contributes to tHel relaxation for the Cki groups are apart from each other due to the steric hindrance.
group. Furthermore, the intramolecular and intermolectiar When the water content increases froee ~ 0.7, the

19F dipole interactions may affect the relaxation in the TFE tetrahedral-like structure of water is gradually evolved in the

water mixtures. Therefore, the relaxation rates measured for theMixtures. TFE and water molecules are heterogeneously mixed
CH2 group in both mixtures involve Comp|ex information on with each other at the molecular IeVeI; both TFE and water

the translational and rotational motions of alcohol molecules clusters coexist in the TFEwater mixtures. This microhetero-

in the mixtures’243 Nevertheless, Figure 11 shows interesting 9eneity is most enhanced in the T+&ater mixtures akree
features of thé¥; values for the Chigroups of TFE and ethanol =~ 0.15. On the contrary, in the range ®fre < ~0.15 the
molecules in both mixtures. For the TERater mixtures the tetrahedral-like structure of water predominates in the FFE
Ry values for the CHl group monotonica”y decrease with water miXtures, and TFE monomers may be hydrated in the
decreasianFE from 1 to 0.15 and then do more qu|ck|y when water clusters. It is thus concluded that the structural transition
the mole fraction is further decreased; i.e., a break point appeargrom the inherent TFE structure to the tetrahedral-like structure
atxree ~ 0.15. This agrees with those in the number of hydrogen Of water takes place atree ~ 0.15. The structural transition
bonds and the OrnsteitZernike correlation length determined ~ Point for the TFE-water mixture is slightly lower than that

by the present LAXS and SANS experiments, respectively. On (Xewon ~ 0.2) for ethanot-water mixtures>" This arises from

the other hand, for the etharelater mixtures theR; value the larger CE group of TFE molecule than the Gigroup of

for the CH, group slightly increases when tixeon decreases ethanol one, i.e., the tetrahedral-like structure of water is quickly
from 1 to~0.3 and decreases with further decreasiag. It disrupted by addition of TFE to water.

results in a maximum ateon ~ 0.3, which is close to a break Beyond the structural transition pointreg = ~0.15), TFE
point atxgon = 0.2 in the number of hydrogen bonds and the molecules form their clusters in the TF&ater mixtures. Here,
average hydration number of ethanol clusters as a function ofa driving force of the clustering may be the hydrophobic
Xeton Obtained from the previous LAXS and mass spectrometric interaction among the GRgroups rather than hydrogen bonding
experiments, respectively- 17 It is thus shown that both points  between TFE molecules because of the weak hydrogen-bond
atxree &~ 0.15 andXgion ~ 0.3 for the TFE-water and ethanel acceptor (low electrondonicity) of the hydroxyl group due to
water mixtures, respectively, reflect the structural transition from the strong electrondrawing of F atoms. From the same reason
alcohol clusters to the tetrahedral-like structure of water at each TFE molecules cannot be strongly hydrogen-bonded with water
mole fraction. molecules. On the other hand, the ethanol molecule can be easily
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hydrogen-bonded with other ethanol molecules and water ones _ (8) Wood, S. J.; Maleeff, B.; Hart, T.; Wetzel, B. Mol. Biol. 1996
; i } 256, 870.

due to the suitable abilities for hydroger! bond acceptor and (9) Hirota, N.: Mizuno, K.: Goto, Y Protein Sci.1997 6, 416.
donor of the hydroxyl group. Thus, the mlcroheterogenelty of  (10) Hirota, N.: Mizuno, K.: Gotoy). Mol. Biol. 1998 275, 365.
the TFE-water mixtures is more significant than that for (11) Hong, D.-P.; Hoshino, M.; Kuboi, R.; Goto, ¥. Am. Chem. Soc.
ethanot-water mixtures. The weaker intermolecular interactions 19‘\(9192)12&02%2 K. Yamaguchi, T.; Adachi, T.; Otomo, T.: Matsuo, D.
between TFE molecules th_an ethanol ones influence the Takamuku, T.; Nishi, NJ. Chem. Phys2003 119 6132. P
dynamics of TFE molecules in the TF&vater mixtures. The (13) Johansson, J. S.; Solt, K.; Reddy, KPRotochem. Photobio2003
motions of TFE molecules in TFE clusters gradually become 77, 89. _ S
free with increasing water content, while those of ethanol (14) Jackson, M.; Mantsch, H. Hiochim. Biophys. Actd992 111§
molecules in ethanol clusters are retarded with increasing water ~(1s) Nishi, N.; Takahashi, S.; Matsumoto, M.; Tanaka, A.; Muraya, K.;
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o P . . and Yamada Science Foundation: 1996; pp-1130. (b) Matsumoto, M.
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